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Aortic arch aneurysm is a relatively rare entity in cardiac surgery. Repair of such aneurysms, either in isolation or
combined with other cardiac procedures, remains a challenging task. The need to produce a relatively bloodless
surgical field with circulatory arrest, while at the same time protecting the brain, is the hallmark of this challenge.
However, a clear understanding of the topic allows a better and less morbid approach to such a complex surgery.
Literature has shown the advantage of selective cerebral perfusion techniques in comparison with only circula-
tory arrest. Ability to perfuse the brain has allowed circulatory arrest temperatures at moderate hypothermia without
the need for deep hypothermia. Even though cannulation site selection appears to be a minor issue, literature has
shown that the subclavian/axillary route has the best outcomes and that femoral cannulation should only be
reserved for no access patients. Although different techniques for arch anastomosis have been described, we rou-
tinely perform the distal first technique as we find it to be less cumbersome and easiest to reproduce.
In this review our aim is to outline a systematic approach to aortic arch surgery. Starting with indications for
intervention and proceeding with approaches on site of cannulation, approaches to brain protection with hypother-
mia and selective cerebral perfusion and finally surgical steps in performing the distal and arch vessels anastomosis.
 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: Aortic arch aneurysm, Open repair, Hypothermic circulatory arrest, Selective cerebral perfusion,
Distal first anastomosisContentsIntroduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Natural history of aortic aneurysms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
RT
IC
LE
J Saudi Heart Assoc
2014;26:152–161
AL KINDI ET AL 153
‘‘OPEN’’ APPROACH TO AORTIC ARCH ANEURYSM REPAIRIndications for intervention . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154EW
 AApproach to the ‘‘open’’ repair of aortic arch aneurysm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
Approach to the site of aortic cannulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155V
IApproach to brain protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156R
EApproach to hypothermic circulatory arrest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
Approach to selective antegrade cerebral perfusion (ACP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
Approach to retrograde cerebral perfusion (RCP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Approach to distal and arch vessel anastomosis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
Distal-first technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
Closing remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160Glossary of abbreviations
TAA thoracic aortic aneurysm
DTAA descending thoracic aortic aneurysm
ATAA ascending thoracic aortic aneurysm
CT-scan computed tomographic scan
MRI magnetic resonance imaging
HCA hypothermic circulatory arrest
DHCA deep hypothermic circulatory arrest
ACP antegrade cerebral perfusion
RCP retrograde cerebral perfusion
CMRO2 cerebral metabolic rate for oxygen
PND permanent neurological deficit
CPB cardiopulmonary bypassIntroduction
Open repair of aortic arch aneurysms is a pro-cedure that carries high risk of morbidity
and mortality. The approach to open repair is
complex, as it requires arresting circulation to al-
low for a bloodless field while at the same time
ensuring the safety of the central nervous system.
In this article, we review some aspects of ‘‘open’’
repair of aortic arch aneurysms. We review guide-
lines on indications for intervention in arch aneu-
rysms, assess the evidence behind different
cannulation strategies, optimal circulating tem-
peratures, adjuvant cerebral protection strategies,
and surgical techniques in the ‘‘open’’ repair of
arch aneurysms.Methods
We performed electronic searches using Pub-
Med, Cochrane Central Register of Controlled Tri-
als (CCTR), and Google scholar. To achieve the
desired sensitivity, we combined the terms aortic
arch, aneurysms, open repair, hypothermic circu-
latory arrest, and selective cerebral perfusion as
either keywords or MeSH terms. The results of re-
trieved articles were reviewed for potentially rele-
vant studies.Natural history of aortic aneurysms
In order to understand the rationale behind the
size criteria for operating on aortic arch aneu-
rysms, it is important to understand the natural
behavior of the aneurysmal thoracic aorta.
Initial observations by Crawford and DeNatale
demonstrated a very dismal prognosis for patients
with thoracic aortic aneurysm (TAA) who were
managed medically. Survival of a patient with
TAA was less than five years and this was reduced
to less than three years if the patient was admitted
at any time [1]. These observations were con-
firmed by the Yale group. Patients with TAA had
a significantly short life expectancy [2].When the Yale data was further analyzed, those
with descending thoracic aortic aneurysms
(DTAA) had poorer outlook compared to those
with ascending thoracic aortic aneurysm (ATAA).
When etiology was analyzed separately, aneu-
rysms from dissections performed worse [2].
Overall, regardless of site or etiology, prognosis
depends on size. Those with larger aneurysms
have poorer survival than those with smaller ones.
They demonstrated faster enlargement of DTAA
compared to ATAA. The DTAA grows at an aver-
age rate of 0.3 cm in diameter per year compared
to 0.1 cm of the ATAA. The aorta also grows more
rapidly the larger it gets [2].
The data was analyzed and the cumulative like-
lihood of rupture or dissection over the patient’s
lifetime was calculated. The authors identified dis-
crete ‘hinge points’ where a sudden increase in a
complication risk may be found. For ATAA, this
was at a diameter of 6 cm, while for DTAA it was
at 7 cm [2].
In a later analysis by the Yale group [3], at-
tempts were made to analyze the data to predict
yearly rupture, dissection, and death rate. The
analysis confirms that the risk increases in a
stepwise fashion as the size of the aorta in-
creases. For instance, for a 6 cm aorta, there is a
probability of 4% per year of rupture, 4% per
year of dissection, and 11% per year of death
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there is a staggering 14% risk of a catastrophic
event or death per year.
The data also show that at smaller sizes, events
are significant. While rupture is not an event at
sizes smaller than 4 cm (3.5–4 cm), dissection can
occur [3]. In terms of recommendations, the
denominator of patients with small sized aortas
in the general population is so large that it be-
comes clinically insignificant to make interven-
tional recommendations.Indications for intervention
Isolated arch aneurysm is a rare entity. Aortic
arch aneurysms are commonly associated with
aneurysms of the adjacent ascending or descend-
ing aorta. The criteria applied are those of ascend-
ing or descending aneurysms depending on
whether the arch aneurysm is more closely related
to the ascending or the descending aorta.
As per the 2010 ACCF/AHA/AATS/ACR/ASA/
SCA/SCAI/SIR/STS/SVM Guidelines for the
Diagnosis and Management of Patients with Tho-
racic Aortic Disease [4], class I recommendations
for the surgical management of asymptomatic pa-
tients with aortic arch aneurysms are:
(1) Asymptomatic patients with degenerative
thoracic aneurysm, chronic aortic dissection,
intramural hematoma, penetrating athero-
sclerotic ulcer, mycotic aneurysm, or pseudo-
aneurysm, who are otherwise suitable
candidates and for whom the ascending
aorta or aortic sinus diameter is 5.5 cm or
greater should be evaluated for surgical
repair. (Level of evidence (LOE): C).
(2) Patients with Marfan syndrome or other
genetic disorders (vascular Ehlers–Danlos
syndrome, Turner syndrome, bicuspid aortic
valve, or familial thoracic aortic aneurysm
and dissection) should undergo elective
operation at smaller diameters (4.0–5.0 cm
depending on the condition) to avoid acute
dissection or rupture (LOE: C).
(3) Patients with a growth rate of more than
0.5 cm/year in an aorta that is less than
5.5 cm in diameter should be considered for
operation (LOE: C).
(4) Patients undergoing aortic valve repair or
replacement and who have an ascending
aorta or aortic root of greater than 4.5 cm
should be considered for concomitant repair
of the aortic root or replacement of the
ascending aorta (LOE: C).Class IIa recommendations include:
(1) Elective aortic replacement is reasonable for
patients with Marfan syndrome, other
genetic diseases, or bicuspid aortic valves,
when the ratio of maximal ascending or aor-
tic root area (
Q
r2) in cm2 divided by the
patient’s height in meters exceeds 10.
(2) It is reasonable for patients with Loeys–Dietz
syndrome or a confirmed TGFBR1 or TGFBR2
mutation to undergo aortic repair when the
aortic diameter reaches 4.2 cm or greater by
transesophageal echocardiogram (internal
diameter) or 4.4–4.6 cm or greater by computed
tomographic imaging and/or magnetic reso-
nance imaging (external diameter) (LOE: C).
(3) Replacement of the entire aortic arch is rea-
sonable for aneurysms of the entire arch,
for chronic dissection when the arch is
enlarged, and for distal arch aneurysms that
also involve the proximal descending tho-
racic aorta, usually with the elephant trunk
procedure (LOE: B).
(4) For patients with low operative risk in whom
an isolated degenerative or atherosclerotic
aneurysm of the aortic arch is present, oper-
ative treatment is reasonable for asymptom-
atic patients when the diameter of the arch
exceeds 5.5 cm (LOE: B).
In summary, replacement of the aortic arch is
determined by size. The size at which to intervene
is determined by the causative etiology and also
by the concomitant surgical procedure.
The above listed criteria are for patients who are
asymptomatic. Patients who have symptoms sug-
gestive of expansion of a thoracic aneurysm
should be evaluated for prompt surgical interven-
tion unless life expectancy from co-morbid condi-
tions is limited or quality of life is substantially
impaired (LOE: C).Approach to the ‘‘open’’ repair of aortic arch
aneurysm
Based on the natural history of aortic pathology
above, it is important to intervene in thoracic aor-
tic aneurysms, given the high incidence of cata-
strophic events and death if untreated.
A systematic approach is needed in planning
and executing an ‘‘open’’ repair of the arch. In
the following sections, we review approaches to:
– the site of aortic cannulation.
– brain protection; hypothermia and selective
perfusion.
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vessels.
Approach to the site of aortic cannulation
The use of different cannulation sites for aortic
surgery has progressed over the last six decades.
Initially, femoral and direct subclavian arteries
were used. Later, direct cannulation of the ascend-
ing artery became more widely used. The use of
femoral artery cannulation later saw resurgence
and became the most popular approach for most
aortic arch procedures [5]. The Cleveland clinic
group later popularized the use of the subcla-
vian/axillary artery with side branch. Sabik et al.
popularized its use in complex cardiac procedures
[6]. Svensson et al. used it routinely in arch cases
with deep hypothermic circulatory arrest and
selective antegrade cerebral perfusion and
showed a very low stroke rate of 2% [7].
The femoral cannulation (Table 1) site has been
used for a very long time and is still very popular
with many surgeons [8,9]. The advantages are that
with a single inguinal cut down, both the femoral
artery and vein are exposed and can be cannulat-
ed at the same time. The vessels are usually large
enough to accommodate large cannulae allowing
full-calculated flows on the pump, resulting in ra-
pid cooling and re-warming. This excludes the
need to add another cannula in a different site
during the procedure for inadequate flows. In
redo surgery, this site allows cannulation and
starting bypass while opening the mediastinum.Table 1. Summarizes different cannulation strategies and the adva
Site Advantages
Direct aortic Single incision direct surgica
saves time
Allows use of large cannula
Adequate flows from single
(>4ls)
Femoral Easily accessible away from
surgical area
Allows use of large cannula
Adequate flows from single
(>4ls)
Can access the vein through
incision
Subclavian/axillary Clear of atheroma/dissection
usable > 97% of cases
Allows 1 site of cannulation
repair
With side graft larger cannu
used
Inominate Single incision
Usually free of plaques
Usually spared from arch an
Away from distal arch anastoThe retrograde flow may cause dislodgment of
the debris and increase the risk of stroke in a sig-
nificantly diseased aorta. Also in aortic dissection,
it may not be easy to identify the true lumen on
imaging or select the appropriate femoral vessel.
This may result in malperfusion of vital organs
including the brain, and cause over-distention of
the false lumen. Local complications at the cannu-
lation site are rare [10]. Historically, femoral can-
nulation had less favorable outcomes when
compared to other cannulation sites. This was
thought to be due to selective bias as it was the
cannulation site for complicated cases. However,
poor results persisted even after propensity-
matched comparison [5].
Direct aortic cannulation saves time initially as it
allows immediate exposure after opening the ster-
num. It can accommodate the largest needed can-
nula for required flows. However, in cases of
dissection, it may not be clear whether the true
or false lumen has been cannulated even with
echocardiographic guidance [11]. The presence of
cannulas and tubing in the surgical field may
interfere with exposure and make the procedure
cumbersome. In arch cases involving the ascend-
ing aorta, the cannula will have to be removed
and reinserted in the graft, loosing valuable time.
Fewer surgeons selectively cannulate the right
innominate artery for arch procedures [12]. It al-
lows for a single incision surgery, and is usually
free of plaques or calcification. However, it is usu-
ally small and may not allow the use of an ade-
quate cannula. In addition, risk of plaquentages and dis-advantges of each.
Disadvantages
l access
(>18Fr)
cannula
Interferes with arch exposure
May have to be shifted if ascending
replacement is combined
Cannulation of false lumen in dissection
main
(>18Fr)
cannula
the same
Retrograde emboli from diseased aorta
Over-perfusion of false lumen with risk of
rupture
for whole
la can be
Time consuming
Needs a 2nd incision
Bleeding from incision during the case is
common
eurysm
mosis site
Risk of air emboli
Iatrogenic dissection of a small vessel
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cannulation allows for the performance of the
entire procedure with a single cannulation site.
Studies have demonstrated that it is usable in
>97% of aortic cases [13]. It is devoid of calcifica-
tion and generally not involved in dissection.
Although it can be directly cannulated, suturing
a side arm maintains arm perfusion, avoids vessel
dissection, and – as will be discussed below –
reduces stroke rate [14]. Benefits include achieve-
ment of antegrade cerebral perfusion, eliminating
risks of retrograde embolization seen in femoral
cannulation, redirecting flow into true lumen
and decompressing the false lumen, thus lowering
the chance of organ malperfusion. However,
sewing a side graft to the subclavian artery is
time-consuming, needs a second incision and, if
not properly used, may damage the vessel and
compromise blood supply to the arm.
Sabik et al. used direct axillary cannulation in
cases where the femoral artery was diseased
and could not be used in complex cardiac oper-
ations that needed peripheral cannulation. They
concluded that it is a safe alternative to other
cannulation methods as none of their 35 patients
had stroke and only one patient required axil-
lary thrombectomy [6]. Later, the same Cleve-
land clinic group reviewed 1352 patients who
underwent complex aortic procedures under cir-
culatory arrest. Svensson et al. looked into the
outcomes of different cannulation sites. There
were 299 patients who had axillary/subclavian
artery cannulation with a side graft, 167 who
had direct axillary/subclavian artery cannulation,
471 who had direct cannulation of the aorta, 375
who had femoral cannulation, and 24 who had
innominate cannulation. Patients who had axil-
lary/subclavian artery cannulation with a side
graft had the lowest stroke rate at 4%, which
was statistically significant compared to the
other methods. The advantage is possibly due
to less likelihood of stroke from embolic mate-
rial, less likely malperfusion with aortic dissec-
tion, less disruption of atheroma or calcified
plaques, and the ability to administer antegrade
brain perfusion. The stroke advantage is lost
when the axillary/subclavian is cannulated di-
rectly with no side graft. When all methods were
compared in terms of mortality, femoral cannu-
lation had a statistically higher incidence of
death. This remained even after propensity-
matched comparison. Although the stroke rate
compared to other methods, except to the sub-
clavian with side graft, it was not significant,
and it is not clear why they had a higher mortal-ity rate even when other variables were cor-
rected [5]. Further studies did confirm the
safety of the axillary/subclavian artery cannula-
tion site. This is probably because of the advan-
tage of antegrade flow, which allows perfusion
preferentially of the true lumen and perfusion
of the right carotid, and vertebral arteries at all
time, especially at the time of selective ante-
grade perfusion [13].
The lack of randomized controlled trials and the
heterogeneity of the patient population in pub-
lished studies makes it difficult to reach firm con-
clusions regarding the best cannulation site.
However, from the evidence available, axillary/
subclavian artery cannulation with a side graft ap-
pears to have the lowest incidence of stroke and
the lowest mortality when compared to other
methods.
Approach to brain protection
Approach to hypothermic circulatory arrest
Although the brain represents only 2% of the to-
tal body weight, it receives 15% of the cardiac out-
put, 20% of the total oxygen consumption, and
consumes 25% of total body glucose utilization.
Unlike other organs, anaerobic glycolysis cannot
sustain energy demands in the brain. The brain
has no glucose or glycogen stores, and therefore
requires a constant supply of glucose and oxygen
maintained with a constant blood supply. This
translates to blood flow of 50 ml/100 g of brain tis-
sue/minute to deliver 3–4 ml of oxygen and 60 mg
of glucose per 100 g of brain [14].
The introductionofhypothermic circulatoryarrest
(HCA) byGriepp in 1975 revolutionized the practice
of aortic arch surgery [15]. The number of proximal
aorta and aortic arch cases increased exponentially
withover10,000 cases reported to theSocietyofTho-
racic Surgery (STS) in 2010 [16]. With currently em-
ployed techniques, the rate of major neurological
events in arch replacement is reported to be be-
tween 2% and 5% for elective cases and 9–13% for
urgent and emergent cases [16].
Understanding of HCA and its application is
important in planning complex aortic arch cases.
The objective of HCA is to profoundly reduce
metabolic activity of the brain to prevent cellular
anoxia and acidosis in order to preserve the cellu-
lar integrity of brain cells. The relationship be-
tween temperature and cerebral metabolic rate
for oxygen (CMRO2) is expressed as the tempera-
ture coefficient Q10. There is an exponential drop
in CMRO2 with temperature reduction at higher
temperatures compared to when the brain tem-
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‘‘OPEN’’ APPROACH TO AORTIC ARCH ANEURYSM REPAIRperature drops further. Initially, it was thought
that at 18 C, CMRO2 is almost completely ar-
rested. However, Mezrow et al. [17] demonstrated
that at 18 C, 39% of basal CMRO2 remains. Con-
cerns over the physiological and metabolic conse-
quences of HCA have led to adjuvant cerebral
perfusion methods that elevate the temperature
of HCA and avoid the consequences of deep
hypothermic circulatory arrest (DHCA) [18,19].
The terms moderate and deep HCA are used
loosely in the literature. Degrees of temperature
may not correlate with the term used in defining
the HCA. This is affected by variables such as site
of temperature measurement, site of cannulation,
use of selective perfusion strategies, rate of cooling
and re-warming, use of brain monitoring, and
pharmacological adjuvant to produce EEG silence.
An international panel of experts representing
high-volume aortic centers from Australia, Asia,
Europe, and North America have collaborated
and reached definition consensus. Profound
hypothermia is defined as nasopharyngeal tem-
perature 614 C; deep hypothermia 14.1–20 C;
moderate hypothermia 20.1–28 C; and mild hypo-
thermia 28.1–34 C [20].
Contrary to the notion that profound hypother-
mia may be the safest in terms of brain protection,
studies have demonstrated that at temperatures
less than 14 C, 14–22% of patients did not achieve
EEG silence [21,22]. At 14 C, the period of safe ar-
rest is 40 min [23]. Between 10 and 15 C, there is
only a 5% rise in CMRO2. Thus, this degree of
hypothermia is not needed as the degree change
in CMRO2 is insignificant, and the harm out-
weighs the benefits.
In deep hypothermia (14.1–20 C), CMRO2 is re-
duced by 50–70%, with complete EEG silence
achieved in only 25% of patients [21,23]. Neverthe-
less, this temperature allows for 20–30 min of safe
period of complete circulatory arrest. DHCA does
not seem to increase the rate of renal or early pul-
monary dysfunction or intensive therapy unit
length of stay compared to moderate hypothermia
at 28 C. However, there is increased incidence of
bleeding and coagulopathy in the DHCA group,
which is thought to be from prolonged cardiopul-
monary bypass times [24].
With moderate hypothermia, only 2–25% of pa-
tients achieve EEG silence while only 0–2% of pa-
tients achieve this at 28 C. This gives 10–20 min of
safe period of circulatory arrest [21,23]. When
HCA is augmented with selective cerebral perfu-
sion, it has been shown that lower body arrest
can be achieved at higher temperatures without
increased morbidity or mortality. There was nodifference in morbidity and mortality when lower
body HCA was at 20–24.9 C and at 25–28 C.
However, there was also a lower rate for re-explo-
ration for bleeding in the warmer group [22]. With
temperatures above 28 C, HCA did not achieve
EEG arrest in any of the patients [21,23].
With considerable variability in the reported
temperature where EEG silence can be achieved,
it becomes important to use an objective method
to decide on the temperature of circulatory arrest
[23]. Therefore, many aortic centers are now using
intra-operative neurophysiological monitoring to
produce EEG silence and initiate circulatory arrest
[25].
Different body sites have been used to measure
the temperature of the body during HCA. A study
by Stone et al. shows that the greatest discrepancy
with brain temperature is the perfusate tempera-
ture. The lower esophageal is closest to brain tem-
perature, followed by the pulmonary artery and
nasopharyngeal temperatures [26]. Another study
found that the nasopharyngeal and proximal
esophagus correlate best with brain temperature
[27].Approach to selective antegrade cerebral perfusion
(ACP)
With questions regarding the efficiency of HCA
in producing complete EEG silence for appropri-
ate brain protection [21], adjuvant methods were
improvised in order to maintain some brain
perfusion.
Selective antegrade cerebral perfusion (ACP) al-
lows the arrest of systemic circulation at a higher
temperature while maintaining brain perfusion.
Since its introduction in the 1980s, multiple stud-
ies have demonstrated both its safety and efficacy
in neuroprotection. Kamiya et al. demonstrated
the safety of performing distal anastomosis at
28 C without increased risk of stroke or lower
body morbidity [22]. In another report by Okita
et al. the temperature was set at tympanic temper-
ature of 20–23 C. In this study, 438 patients, of
whom 18.9% were octogenarians, underwent elec-
tive or emergent arch surgery. The 30-day mortal-
ity rate was 3.0%; 7.7% for urgent/emergent cases
and 0.67% for elective cases. Total permanent neu-
rological deficit (PND) was 5.3% with 2.7% in elec-
tive cases [28].
In a recent meta-analysis, Tian et al. looked
into studies that compared DHCA only with
moderate HCA and ACP [29]. After evaluation
of 498 articles, only nine were selected for final
analysis. Circulatory arrest temperatures ranged
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25 C for the Moderate Hypothermic Circulatory
Arrest and Selective Antegrade Cerebral Perfu-
sion (MHCA + SACP) with variation in the site
of temperature measurement. PND was reported
in all nine studies and was significantly higher in
DHCA compared to MHCA + ACP (12.8% vs.
7.3%, or 1.80, P = 0.0007). However, no difference
was observed regarding temporary neurological
deficit (TND). There was also no difference in ob-
served mortality between the two methods.
In studies that reported outcomes of renal fail-
ure, bleeding and re-operation, DHCA and
MHCA + ACP had similar outcomes: renal failure
(13.3% vs. 12.6%, or 1.36, P = 0.32) and bleeding
and re-operation (10.9% vs. 13.3% or 0.85,
P = 0.65) [29]. ACP can be achieved by several
routes. Svensson et al. popularized the used of
the subclavian/axillary artery with the side branch
[5]. Kazui advocates the use of flexible perfusion
cannula to selectively cannulate the brachioce-
phalic and left carotid arteries after the arch is
opened and the vessels are transected [30]. There
is no consensus regarding the optimal perfusate
temperature; reported temperatures range from
13 to 25 C [31–34]. Recommended flows have
been 10 ml/kg/min in all studies, although some
were perfusing at a fixed rate of 500–600 ml/min
[30]. In addition, the question arises as to whether
it is necessary to perform bilateral carotid perfu-
sion as only about 47% of patients have a complete
circle of Willis [35,36]. Arguments were made that
anatomical completeness of circle of Willis did not
correlate with insufficient brain perfusion during
unilateral carotid perfusion [37]. In a meta-analy-
sis, unilateral versus bilateral cerebral perfusion
did not seem to result in any significant stroke dif-
ference [38].
Advantages of ACP include the extension of the
period of safe circulatory arrest up to 90 min
allowing performance of complex arch repair
without increased risk of brain injury [38]. ACP re-
duces the incidence of TND, as seen in many stud-
ies. This benefit is theoretically from maintaining
a higher brain temperature, supplying oxygen
and nutrients, and washing out toxic metabolites
that cause cellular damage. There is also a trend
to decreased morbidity, although this has not
reached significance in the meta-analysis [38].Approach to retrograde cerebral perfusion (RCP)
Retrograde cerebral perfusion (RCP) was first
described by Mills and Ochsner in 1980 as an
emergency treatment for massive air embolism
during cardiopulmonary bypass (CPB) [39].Lemole et al. described its use during repair of
aortic dissection in 1982 [40]. As an adjuvant to
HCA, Ueda et al. described its use in aortic arch
replacement [41].
Since then, studies on animals and humans
have questioned the efficacy of retrograde brain
perfusion because of the existence of competent
valves in the internal jugular vein [42]. The distri-
bution of blood from the SVC to the brain was
studied with latex. The jugular valves remained
competent and did not allow the passage of latex
through. However, latex was detected in the supe-
rior sagittal sinus. When the azygos vein was li-
gated, the latex in the brain was absent [43].
Ganzel et al. performed near infra-red spectros-
copy (NIRS) during RCP to measure regional cere-
bral oxygen saturation (rSO2). The rapid fall of
rSO2 seen at the beginning of HCA is slower when
RCP is employed [44]. Using subdural laser Dopp-
ler probe, Lin et al. measured blood flow during
RCP and were able to demonstrate some flow that
was only 10%of that duringCPBprior to arrest [45].
Despite the disappointing results of the labora-
tory studies, a number of clinical reports were
published nevertheless. Ueda et al. published
the use of RCP with HCA routinely in 249 patients
who underwent arch surgery [46]. Hospital
mortality was 10% and stroke rate was only 4%,
despite a median duration HCA of 46 min. This
study did not have a comparative arm within the
same institution.
Coselli, on the other hand, reported the use of
HCA and RCP in 305 patients and HCA alone in
204 patients [47]. He reported very favorable out-
comes with the use of RCP. The PND rate was sig-
nificantly lower with RCP compared to without
(2.6% vs. 6.4%, p = .037). The reduction in mortality
was even more impressive with mortality in RCP
group at 3.9% compared to 17.2%without (p = .001).
Similar results came from Safi et al. They
demonstrated a lower rate of PND with RCP (3%
vs. 9%) [48]. In 2011, Safi et al. published a larger
series where the authors demonstrated a stroke
rate of 4.3% with RCP vs. 2.8% without (p = 0.30).
However, when circulatory arrest times exceeded
40 min, the rate of PND was 1.7% in the RCP com-
pared to 30% in those without (p = .002) [49].
Okita reported a study comparing the use of
RCP vs. ACP, where patients either received
HCA with RCP, or HCA with ACP. New PND
occurred in 3.3% in the RCP group compared to
6.6% in the ACP group (p = .6). However, the
incidence of temporary neurological deficit was
significantly higher in the RCP group compared
to the ACP group (33.3% vs. 13.3%, p = .05%) [50].
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where the patient received either HCA alone,
HCA with RCP, or HCA with ACP. All patients
underwent aggressive neurocognitive assessment,
and S-100 levels were measured. The survival rate
was 100% and no patient suffered PND. Circulatory
arrest times correlated inversely with the neurocog-
nitive scores (p = 0.05). The author recommended
the use of HCA routinely with an adjuvant added
based on the type of case. If prolonged arrest times
are anticipated then ACP should be added. If the
case has potential for a lot of embolic material then
RCP should be added to HCA [51].
Fear of cerebral edema from RCP has been a
concern because of retrograde blood flow and in-
creased venous pressures. Harris et al. demon-
strated with MRI that cerebral edema occurs
after RCP [52]. Ganzel et al. demonstrated safety
of flows up to 1.6 l/min and pressures at 40 mmHg
[44]. In contrast, Usui showed that the optimal
pressures are 15–25 mmHg. His advice was to
keep perfusion pressures within 25 mmHg, and
flows not more than 400 ml/min.
The simplicity of RCP together with the favor-
able outcomes in the literature makes RCP a safe
adjuvant to HCA. The theoretical benefit of main-
taining hypothermia of the brain and washing out
embolic material is still to be proven. The benefit
is certainly magnified in cases with high embolic
risk or prolonged arrest times.Approach to distal and arch vessel anastomosis
The approach to aortic arch replacement has tra-
ditionally been to perform distal anastomosis first
under circulatory arrest. During the cooling peri-
od, the surgeon usually addresses the issues prox-
imal to the arch under cross clamp, such as the
aortic valve, coronary artery disease, or any valvu-
lar disease that needs to be addressed [53].
Further techniques include the proximal first
anastomosis technique in which the proximal graft
is sewn first, while cooling is followed by distal
anastomosis under HCA. The advantage of this
technique is thatwhile cooling, theproximal anasto-
mosis is addressed, thus shortening the duration of
myocardial ischemia. However, sizing of the graft
may be an issue, as there is usually a need for
graft-to-graft anastomosis, and the procedure de-
scribed the use of a large L-incision approach [54].
Kouchoukos described an arch-first technique
which involves performing the anastomosis of
the aortic replacement graft to the head arteries
first, during an interval of hypothermic circulatory
arrest, followed by hypothermic perfusion of these
vessels while the graft is anastomosed to thedescending thoracic aorta and then to the ascend-
ing aorta. The procedure is very extensive and is
usually performed using a bilateral anterior thora-
cotomy (clamshell incision) [55].
In the context of this review, only the steps of
distal-first anastomosis techniquewill be described.Distal-first technique
With this approach, the distal anastomosis is al-
ways performed as an open anastomotic technique
under HCA. There are two ways to perform distal
anastomosis depending on the extent of the aneu-
rysmal disease. If the aneurysm is limited to the
aortic arch, then a simple anastomosis with a graft
is all that is required [56]. If the disease is extensive
and involves a great portion of the descending
thoracic aorta, then a staged approach is needed.
In the first stage, the arch is replaced with an
elephant-trunk into the descending aorta. In the
second stage, the descending is addressed either
with an open replacement or with endovascular
stenting, depending on the extent and the nature
of the pathology [53].
Two techniques have been described to anasto-
mose the head vessels: either as a single island (en
block) to the arch graft or as separate graft
technique.
In the en block technique, the head vessels are
resected together from the diseased aorta as a sin-
gle island or patch. After reaching the desired
temperature for circulatory arrest, the proximal
right brachiocephalic artery is clamped with a
bulldog clamp and selective ACP is performed
via the right subclavian artery if used as an inflow
cannulation site. Alternatively, balloon catheters
can be used for selective perfusion. After perform-
ing the distal anastomosis as a simple or elephant
trunk, the graft is cut at the greater curvature cor-
responding in size and location to the head vessels
islands. The vessels island is then anastomosed en
block to the graft. The proximal brachiocephalic
clamp is then removed, the graft is de-aired, and
the proximal graft is clamped. Re-warming is rein-
stituted and work on the heart and proximal aorta
is completed.
The separate graft technique is preserved for
aneurysmal disease involving head vessels or in
connective tissue diseases when preference is not
to leave any pathological tissues behind [57]. The
technique involves many suture lines that may in-
crease the rate of post-operative bleeding. The
period of brain ischemia can be kept to a minimum
by utilizing sequential anastomosis and perfusion
techniques [58]. Commercially-available grafts al-
low this technique to be performed more easily.
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10 mm arm for the brachiocephalic artery and
two 8 mm arms for the left carotid and subclavian
arteries. After reaching the desired temperature
for circulatory arrest, distal anastomosis is per-
formed as an open technique under HCA and
ACP. Once this is done, a cannula is connected to
the side-arm of the graft allowing perfusion of
the lower body. However, no re-warming is per-
formed at this stage. With this technique, both
the brain and lower body are perfused, decreasing
the period of no flow state. The head vessels are
then anastomosed sequentially and after each
anastomosis, the clamp is moved proximally,
allowing perfusion of that segment of the head
vessel. The left subclavian artery is anastomosed
first, followed by the left carotid artery, and then fi-
nally the brachiocephalic artery [58]. Once flow is
regained to the left carotid, re-warming is started.
After completion of all head vessels anastomosis
and during the re-warming phase, issues with
the heart and proximal aorta are addressed.
Closing remarks
Open aortic arch surgery for aneurysmal disease
is a complex procedure with a high peri-operative
risk. However, careful planning and a systematic
approach reduces the morbidity and mortality,
allowing the procedure to be performed within
an acceptable risk.
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